Abstract High-temperature transformation studies were carried out on polymer-rich waste printed circuit boards (PCBs) in the temperature range of 750-1,350°C in argon atmosphere. Copper-rich metallic fractions started to separate out as foils/droplets at temperatures above 950°C producing significant quantities of carbonaceous residue. In-depth characterisation of the residue was carried out using X-ray diffraction, Raman spectroscopy, SEM/EDS, surface area analysis, and LECO measurements. The recovery of carbons from waste PCBs reached up to 25 % of total weight. These carbons generally had a disordered structure with 3-4 layers stacking along the c-axis. The presence of metals in the carbonaceous residue became negligibly small at 1,350°C, significantly enhancing the quality of the carbonaceous product (carbon content: 52-74 wt%). This study has shown that potentially vast reserves of carbon could be recovered from e-waste through appropriate recycling, while minimising the impact of waste on the environment.
Introduction
Electronic waste (e-waste) is one of the fastest growing solid waste streams around the world today [1] . Rapid uptake of information technology with the advent of new designs and technology at regular intervals and intense marketing in the electronics sector is causing the early obsolescence of many electronic items. With high consumer demand in affluent countries, and even amongst developing economies, the manufacturing and sales of equipment in the electronic industry is now *$1 trillion annually, yielding 30-50 million tonnes of obsolete equipment worldwide each year [2, 3] . The international association of electronics recyclers projects that *3 billion computer products units including CPUs, monitors, notebooks, keyboards, printers, copiers, faxes, etc. will be scrapped by 2015 [4] . In Australia, an estimated 37 million computers will be in landfills or on their way; another 4 million computers are expected to be sold every year and less than 1.5 % will be recycled [5] . A similar scenario exists for TVs, mobile phones, fluorescent tubes and other electronics. With an overall recycling rate of only *10-18 % worldwide, most of the discarded electronic equipment are stored in warehouses, off-shored to developing economies, trashed in landfills or incinerated [6, 7, 8] .
E-waste is known to be a complex mixture of plastics, metals, ceramics and other trace impurities; it can contain up to 1,000 different substances [9] . PCBs typically contain 40 wt% metals, 30 wt% organics and 30 wt% ceramics. However, there is a great variance in the composition of PCB (PCB: the central component in electrical and electronic devices), wastes coming from different appliances, from different manufacturers and of different ages. After removing batteries and capacitors, PCBs from computers/ TVs can contain up to 70 wt% organics, whereas PCBs from mobile phones contain *20 wt% organics [10] . There is a potential material resource of over 40 million tonnes a year in e-waste which could be used again and again if appropriate recycling practices are put in place.
A number of approaches such as metallurgical (hydro, bio and pyro) techniques, chemical techniques and lowtemperature pyrolysis are being used to recover materials from the e-waste [11, 12] . Due to economic reasons, recycling efforts are generally focused on the recovery of copper and other/precious metals from the waste electronics as the metallic concentrations in waste printed circuit boards (PCBs) can be several times higher than their respective ores [13] . The nonmetallic fraction containing large amounts of carbon is either burnt to provide energy during recycling or is trashed as a waste by-product. Our focus in this article is to investigate the formation and characterisation of residual carbons during high-temperature transformations of waste PCBs.
A number of pyrolysis investigations on waste PCBs/ewaste have been reported in the literature. In the Haloclean process, the e-waste is first heated at 350°C and then at 450°C under nitrogen in a horizontal rotary kiln; this process generates a gas/oil fraction that can be concentrated as oil and a solid residue from which metals can be recovered after further treatment [14] . Zhou et al. [15] conducted a three-step pyrolysis process: in the first stage, a PCB was pyrolysed at 600°C under vacuum; the second step involved the vacuum centrifugal separation of the solder. In the last step, the solder was re-melted, and the products generated were *72 wt% of solid residue composed of metals, glass fibres and other inorganic materials; 22 wt% of oil fraction containing tin and lead; and 6.35 wt% gaseous products [15] . Another investigation involved the heating of a mixture of PCBs and molten salts, KOH and NaOH at 300°C under argon flow. Two solid products were obtained: a metallic fraction composed of wires and foils and a calcium carbonate/calcium silicate powder [16] . de Marco et al. investigated four different materials: polyethylene (PE) wires containing Al and Cu from e-waste, table phones, mobile phones and PCBs; these were heat treated at 500°C under nitrogen atmosphere. The solid products generated were inorganic materials consisting mainly of metals and a black powder/char. The amount of char recovered was low for PE materials and PCBs, and high for both types of phones. Pyrolysis oil consisting of organic compounds was also generated; gaseous products were mainly hydrocarbons along with large amounts of CO and CO 2 [17] .
In a recent study by our group, the pyrolysis of waste PCBs at 1,150°C in argon atmosphere led to a clear separation of various metals from a carbonaceous and ceramic residue; this was attributed to the poor affinity of carbon with copper/copper-based alloys [18] . In the present investigation, studies were carried out on thermal transformations of waste PCBs in the temperature range from 750 to 1,350°C. In this article, we report the generation of significant quantities of carbonaceous residues following the separation of most of the metallic phase as droplets or foils. Along with an in-depth investigation on polymer degradation and gaseous release, a range of analytical tools were used to characterise these carbonaceous residues. This investigation was carried out on polymer-rich single-sided PCBs that dominate the electronics market in sheer volumes and are a dominant fraction of waste PCBs from obsolete, old-generation electronic devices.
Materials and Methods
A schematic diagram of the experimental set up is shown in Fig. 1a . Waste polymer-rich PCB fragments were manually cut to a size of *1 cm 2 from a range of computer motherboards. Several pieces together weighing *2 g were placed in an alumina crucible and placed on an alumina holder. Waste PCBs are composed of a heterogeneous and a complex mixture of elements. Average concentration of major metals in the waste PCBs under investigation were copper (*13 wt%), tin (4.8 wt%) and lead (3.1 wt%). Refractory components included silicon oxide, aluminium oxide, alkaline and alkaline-earth oxides; additional phases such as barium titanate, potassium, magnesium and aluminium silicates were also present in some boards.
This assembly was pushed into the cold zone (200-300°C) of a high-temperature horizontal tube furnace with the help of a graphite rod. The reaction assembly was held there for 10 min to avoid thermal shock, and then pushed into the hot zone of the furnace, maintained in the temperature range 750-1,350°C. A few studies were also carried out at 1,550°C as well. High-purity argon gas was passed through the furnace tube at a rate of 1 L/min during the heat treatment. The gas outlet was connected to an Infrared (IR) gas analyser for a continuous monitoring of CO, CO 2 and CH 4 gases produced during the heat treatment. Previous studies from our group had carried out heat treatment of PCBs as a function of time (1, 2, 5, 10, 15, 20 , and 30 min); the thermal degradation of PCBs was found to be nearly complete within 15 min at these temperatures [18] . In this study, the exposure of waste PCBs to high temperature was therefore carried out for 20 min; specimens were pulled back into the cold zone and kept there for 30 min to avoid thermal cracking and the re-oxidation of residual products.
Experiments were repeated several times at each temperature to enhance the reproducibility of results. Figure 1b shows samples before and after the heat treatment. The reaction products after the heat treatment could be separated into metallic droplets/foils, and a dark carbonaceous phase/slag. Relative proportions of various phases in the residue showed sample-to-sample variation and could not be ascertained accurately. Even though a significant proportion of metals were separated, a small quantity of residual metals still remained within the carbonaceous residue as indicated by ICP analysis. It was also difficult to separate out slag phases from carbons; however, a rough estimate of relative proportion of carbon in the residue was obtained from LECO analysis. These results have been provided in later sections. The weights of the samples were measured before and after the heat treatment; the carbon content of the carbonaceous residue was measured using LECO CN TruSpec Analyser.
The low-temperature thermal degradation of PCB polymers was also investigated using TGA/FTIR (Thermogravimetric-analyser model Perkin Elmer Pyris 1) for temperatures up to 1,350°C to study volatile release during continuous heating at the rate of 20°C/min. The carbonaceous phase was analysed using x-ray diffraction, Raman spectroscopy, Scanning Electron Microscopy (SEM/EDS) model Hitachi S3400X, and Inductively Coupled Plasma Optical Emission Spectrometers model, Perkin Elmer Optima 7300DV (ICP-OES) techniques. Our previous studies on carbonaceous residues from hightemperature pyrolysis of waste PCBs had shown the generation of carbon microfibres and foams [19] . BET surface area analysis was carried out by using Micromeritics Tristar 3000 to determine the area of pores generated by escaping gases during polymer degradation. Samples were dried for 3 h at 150°C under vacuum.
Surface area and pore distribution were studied through the nitrogen physio-sorption technique. Twenty-point adsorption and 20-point desorption isotherms were generated and were used to determine specific surface area using the BET model. The pore distribution was determined through BJH model [20] .
Results

Weight Loss and Carbon Content
The weight loss in waste PCBs heat treated for 20 min was measured at various temperatures ranging from 750 to 1,350°C; the average weight loss from sets of at least six measurements is shown in Fig. 2a . Data scatter in the results has also been indicated in the figure. This weight loss is attributed mainly to polymer degradation, volatiles and subsequent gas release. Thermogravimetric analysis (TGA) was also carried out to determine polymer degradation during continuous heating to 1,350°C at a heating rate of 20°C/min; the TGA and DTG results have been plotted in Fig. 2b . The pyrolysis of waste PCBs showed two stages of weight loss at 320 and 460°C. The thermal decomposition of waste PCBs began at 300°C and a significant loss of mass occurred between 300 and 500°C. The maximum weight loss was found to occur *330°C; the mass loss slowed down significantly at higher temperatures and was less than 8 wt% between 500 and 1,350°C. This weight loss at higher temperatures can be attributed to the generation of CO/CO 2 gases during reduction reactions and the loss of lead in the vapour phase. Previous studies from our group on polymer degradation were carried out on pure polymers and coke/polymers blends [21] ; present studies on waste PCBs, which are a complex blend of polymers, metals and ceramics, are expected to be significantly different.
The carbon content of heat-treated PCB residues was determined using a LECO analyser; the results are plotted in Fig. 3 . Although there is some scatter in data due to variations in waste PCB specimens under investigation, the carbon content was found to average around 60 wt% with values ranging between 52 and 74 wt%. It is important to note that no attempt has been made to correlate the weight loss data as determined by the losses in the gaseous phase (Fig. 2) and the carbon content of the residue as determined by the nature/relative proportion of thermoplastic/thermosetting polymers present in waste PCBs (Fig. 3) .
From the weight loss data and carbon content measurements, the amounts of carbon and metals/oxides recovered are summarised in Table 1 . The weight loss in column 2 indicates the loss in the gaseous phase caused by polymer degradation and other reactions, while the remaining solid residue is a mixture of carbon, metals and oxides. Although it was difficult to estimate the individual concentration of metals, oxides and carbons, an approximate estimate of carbons and metals/oxides was obtained as follows. The carbon content in column 4 (Table 1) was computed using the relation: (100 -weight loss) 9 carbon fraction (from LECO measurements). The data in column 3 (metals/oxides) was computed as (100 -weight loss) 9 (100 -carbon fraction). ICS analysis results on some of the major and minor metals are provided in a later section. Figure 4 shows a three-dimensional Fourier transform infrared spectrum (FTIR) obtained from the gases volatilised during the thermal decomposition (TGA) of polymerrich waste PCB in nitrogen atmosphere; FTIR is widely used to characterise volatile species evolving during pyrolysis. As the formation of volatile products was expected to occur mainly between 300 and 500°C, the FTIR spectrum was recorded in the temperature range 40-600°C. At low temperatures, a small amount of gaseous products such as CO 2 and HBr were released. These compounds were identified by their characteristic bonds: Fig. 2 a The weight loss as determined during heat treatment at a range of temperatures in the horizontal tube furnace, b the mass loss and the derivative weight as determined during TGA/DTG investigations at the heating rate of 20°C/min Fig. 3 The carbon content of residues obtained after heat treatment at a range of temperatures Gases (CO, CO 2 and CH 4 ) generated during the heat treatment (750-1,350°C) of waste PCBs in the horizontal tube furnace were also recorded continuously using an IR gas analyser. Cumulative volumes of gases released at two representative temperatures are shown in Fig. 5 . At 1,150°C, there was a rapid release of gases as PCBs were introduced in the hot zone of the furnace; the level of CO released was found to be much higher than that of CO 2 and CH 4 . While the emission of CO continued during the heating process, the generation of both CO 2 and CH 4 had become greatly reduced as indicated by the relatively flat cumulative volume plot. There were three key differences in gaseous emissions at 1,350°C. Overall gas emissions were generally lower than the levels observed at 1,150°C; CH 4 emissions had reduced by a factor of 2. The sharp initial release of CO at 1,150°C was replaced by a relatively gradual release of CO at 1,350°C. These results are significant as the polymer degradation and associated weight loss/volatile were expected to occur between 300 and 500°C; the gas generation at higher temperatures of 1,150°C and beyond indicates additional reduction reactions/degradation of various PCB constituents. These results are consistent with TGA results (Fig. 2b) which showed a slow but continuous weight loss in this temperature regime.
Gas Generation
Structural Characterisation X-ray diffraction and Raman scattering studies were carried out on heat treated waste PCBs for structural Fig. 4 The 3D infrared spectrum of evolved gases during the pyrolysis of polymerrich waste PCBs between 40 and 600°C (heating rate 20°C/ min) Fig. 5 Cumulative volumes of gases released during heat treatment in the horizontal tube furnace characterisation of carbonaceous residues. While X-ray diffraction studies focus specifically on the long-range order developing in residual carbons, Raman scattering results help one quantify short range as well as molecularlevel order. While metals including copper, tin and lead were still mixed up with carbonaceous residues after heat treatment at temperatures below 950°C, these could be easily separated in the form of foils/droplets at higher temperatures. X-ray diffraction results on carbonaceous residues obtained after 20 min of heat treatment at 1,150 and 1,350°C are shown in Fig. 6a . The diffraction pattern at 1,150°C shows two broad peaks for carbon (24.6°and 44.1°) and several sharp peaks belonging to various oxides such as silica, alumina, etc. and residual metals. The diffraction pattern at 1,350°C also showed two broad peaks for carbon (24.8°and 44.1°); however, the number and relative intensity of sharp peaks belonging to various oxides and residual metals had reduced significantly. It is likely that further chemical reactions could have partially consumed these materials. Graphitic carbon structure can be described by a regular, vertical stacking of hexagonal aromatic layers; the crystallite size of carbons can be represented by the vertical thickness of carbon net layer (Lc) [22] . Using Scherrer's formula, the Lc values of these carbons were determined to be 1.137 (1,150°C) and 1.348 nm (1,350°C) . This result indicates that graphitic crystals in the carbonaceous residues were only 3-4 layers thick, and the long-range order had not yet been established.
The structural features of residual carbons were also analysed by Raman spectroscopy, where the scattering process includes contributions from various phonon vibration modes of materials. The spectrum from e-waste residues after excitation with 514-nm laser light is shown in Fig. 6b . The spectrum has two peaks at around 1,585 and 1,350 cm -1 . The peak at 1,350 cm -1 , known as D (defect) band, is a feature representing disorder in graphitic structures [23, 24] . The peak at 1,585 cm -1 , known as G (graphite) band, represents highly ordered graphitic structure. The relative intensity ratio of I D /I G bands was determined by computing areas under the peaks, which can be used to determine the extent of disorder/or the degree of graphitisation in the carbon structure. These were determined to be 2.018 at 1,150°C and 1.83 at 1,350°C; this result indicates extensive disorder and poor graphitisation in the carbon structure. Both Raman and X-ray diffraction results are in good agreement and indicate these materials to be disordered carbons.
Electron Microscopy Investigations
Detailed SEM/EDS investigations were carried on e-waste residues after heat treatment in the temperatures ranging from 750 to 1,350°C. Two representative results are presented in this section. Figure 7a shows SEM/EDS results for waste PCBs heat treated at 750°C; various metals/ oxides had not yet separated at this temperature. The SEM indicates the presence of a number of metals (Cu, Sn, Pb, etc.) as bright spots, carbon as dark regions and slag oxides (Al 2 O 3 , Fe 2 O 3 , SiO 2 , etc.) as light grey regions. While these were showing a tendency to segregate, they had not yet fully separated out. The metal separation started to become significant at temperatures higher than 950°C; significant amounts of carbonaceous residues were recovered at temperatures above 1,200°C. Figure 7b shows SEM/EDS results from the carbonaceous material recovered after heat treatment at 1,350°C. This specimen was predominantly composed of carbon along with small clusters of silicon and aluminium oxides; metal concentrations in the carbonaceous residue had reduced significantly. While the LECO analysis determined the total carbon content in the residue, the EDS line scan in Fig. 7b indicated that the carbon was distributed quite uniformly in the residue. A small amount of phosphorus was present as an impurity.
Impurity Levels
Detailed chemical composition of the carbonaceous residue was obtained through ICP-OES analysis; the results are summarised in Fig. 8 . Even though metals had segregated out to a great extent at 1,150°C, the concentrations of major e-waste metals (Cu, Pb and Sn) in the carbonaceous residue were determined to be 5.74, 2.33 and 5.09 wt% respectively. Metal concentrations in the residue were found to decrease significantly with increasing temperatures. After heat treatment at 1,350°C for 20 min, the concentrations of Cu, Pb and Sn had reduced to 0.46, 0.03 and 0.38 wt%, respectively; especially the concentration of hazardous lead had become negligibly low. Corresponding concentrations of base metals from oxides such as Fe 2 O 3 , Al 2 O 3 and MgO as part of the slag are also provided in the figure. These numbers were generally an order of magnitude smaller. Even though the presence of ceramics was quite high in the e-waste, these were found to be quite stable in the temperature range of 750-1,350°C. These did not interact either with polymers, metals or carbonaceous residue and tended to segregate out.
Surface Area Measurement
Surface area and pore distribution were studied through the nitrogen physisorption technique. A 20-point adsorption and 20-point desorption isotherms were generated, with data used to determine specific surface area using the BET model; the pore distribution was determined through the BJH model. Average results on pore width, surface area and volume of pores with sizes ranging between 1.7 and 300 nm from adsorption and desorption data are given in Table 2 ; corresponding results for the BET surface area have also been provided. Temperature did not have much influence on the average pore width which was found to range between 25.57 and 26.73 nm. Average values for pore width, cumulative pore surface area, pore volume and BET surface areas were found to be the highest at 1,150°C. With the increasing temperature, the char showed signs of softening and fusing, resulting in a reduction in the number of pores and associated surface area. While the total BET surface area showed a continuous decrease with the increasing temperature, such welldefined trend was not observed for the average pore surface area and pore volume.
Discussion
The high-temperature pyrolysis of waste PCBs in the temperature range of 750-1,350°C led to the segregation of metals, carbons and slag oxides; the amounts of carbon bearing materials produced were quite significant. Results in Table 1 indicate a significant carbon yield ranging between 20 and 32 wt%; these numbers are much higher than typical quantities of chars produced by a range of polymers. The pyrolysis of PVC at 740°C produced a maximum char of 9 wt%; PS, PE and PP gave solid residues of 0.6, 1.8 and 1.6 wt%, respectively, under these conditions. During pyrolysis at 850°C under nitrogen atmosphere, PVC produced 5.9 wt% char; LDPE and HDPE produced only 0.2 and 2.3 wt% of chars, respectively [25, 26] . Our results indicate that polymer-rich e-waste, such as single-sided boards based on phenol formaldehyde resin, can produce high amounts of residual carbon. With carbon recovery reaching 32 wt% at 1,150°C; this is amongst the highest levels achieved in high-temperature transformation studies on polymeric waste.
The FTIR spectrum of gases evolved in the temperature range of 40-600°C during TGA investigations showed the release of a range of organic volatiles, CO/CO 2 gases and several brominated compounds from bromine-based flame retardants in PCBs. One of the key issues associated with the heat treatment of waste PCBs is the generation of hazardous dioxins and furans. Guo et al. [27] have, however, established that the generation of toxic furans and dioxin becomes negligibly small at temperatures above 900°C; and the associated toxicity could be significantly reduced by adding Ca(OH) 2 to leach out bromine from the flame retardants present in waste PCBs. Main gases generated at high temperatures were CO, CO 2 and CH 4 ; their cumulative volume was seen to decrease at higher temperatures.
Detailed structural characterisation of carbons was carried out using X-ray diffraction and Raman scattering techniques. Observed carbons were found to have a predominantly disordered structure; the relative proportion of defect/graphitic structures was found to range from 2.018 (1,150°C) to 1.83 (1,350°C). The typical (002) peak for graphite occurs at 26.6°representing the separation of basal planes stacked along the c-axis; covalently bonded (sp 2 ) carbon atoms in the basal planes are arranged on a hexagonal lattice. The (101) peak for graphite occurs at 44.67°. However, the carbonaceous residues from e-waste produced peaks that were located at slightly lower angles: (24.6°and 44.12°) at 1,150°C and (24.8°and 44.12°) at 1,350°C. This shift indicates larger distances along the c-axis as well as in the basal plane for disordered carbons. Small values of Lc indicate the packing along the c-axis to be only 3-4 layers thick. However, high surface area was achieved for carbon residues at 1,150°C, which could lead to the possibility of producing activated carbons from waste PCBs. Future studies will investigate the high-temperature behaviour of PCBs at shorter times during the period of gaseous release and study the evolution of pore structure, number density and surface area prior to pore coalescence and condensation.
Electron microscopy results clearly indicated the phase separation of various e-waste constituents after heat treatment. Following polymer degradation at low temperatures and the formation of chars, both metals and ceramic oxides started to segregate out at temperatures above 950°C. Line scans on residues after heat treatment at 1,350°C showed extended regions composed mainly of carbon indicating a clear separation of the metallic phase and the precipitation of oxide phases. ICP analysis results showed that the concentration of major metals especially hazardous lead in Fig. 8 Metallic concentrations in carbonaceous residues as determined by ICP analysis Fig. 7 The SEM/EDS results on carbonaceous residues after heat treatment at a 750°C and b 1,350°C the carbonaceous residue had dropped to very low levels at 1,350°C. Even the concentration of base metals from various oxides had become very low. The BET surface area of these carbonaceous resources showed a small dependence on temperature.
Concluding Remarks
Improper handling of e-waste results in vast amounts of toxic waste being sent into landfills which has the potential to leach into soil and ground water supplies. The carbon-bearing waste in landfills leads to the release of greenhouse gases, including huge amounts of CO 2 and methane. Up to 50 % of these emissions could be methane, which is 21 times more potent a greenhouse gas than CO 2 [28] . With landfilling and incineration becoming less accepted and more expensive, recycling complex hazardous e-waste is no longer a choice but an essential future requirement. In this article, in-depth investigations were reported on the high-temperature transformations of polymer-rich waste PCBs. This study has shown that significant carbonaceous resources could be recovered from recycling electronic waste. These carbons could be used as a source of energy or be utilised in applications such as reduction reactions, carburisation, activated carbons, etc. These results have the potential to make a positive impact on the environment through waste management as the conventional resources have become increasingly scarce, and the need to conserve and recycle resources becomes even greater. This e-waste recycling approach is expected to lead to sustainable developments in the field resulting in increased environment protection and economic development. 
